Abstract: Plantain has become an essential source of food in the Nigerian market today and to this effect, it is fast becoming a sought-after fruit, especially for persons diagnosed with diabetics. Being a perishable fruit, plantain is usually processed into flour to extend its shelf life. Hence, there is a need to improve on the quantity and quality of the flour produced from it. This paper presents the conceptual design of a process plant for plantain flour production from green plantain pulp. The process plant consists of washing, slicing, drying, milling and sieving machines. The design analysis of constituent machines and its performance evaluation were carried out using SolidWorks and other appropriate design equations. The designed process plant was simulated to ensure its functionality. The results of its performance were analysed and estimated cost of production presented.
Introduction
Plantain (Musa paradiciaca) is a staple food grown throughout the tropical and subtropical regions of the world. It is one of the major sources of carbohydrate for millions of people in Africa, the Caribbean, Latin America, Asia and Pacific (Frison & Sharrock, 1998) . It ranks third, after yam and cassava, for sustainability in Nigeria (Jayaraman & Das Gupta, 2006) and Nigeria is known to be the largest 
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process plant respectively and Table 1 presents component parts of the process plant). The frame acts as a rigid support for the various components of the process plant. Peeled plantain pulps are temporarily stored in the collection bucket, which delivers a plantain pulp per time into the washing section. The washing section consists of a perforated conveyor belt and three sprinklers, which is connected to one water supply pipe. The conveyor belt, powered by an electric motor, collects and transfers plantain pulps from the collection bucket to the slicing hopper. It is mounted on two rollers and it has flights at intervals to prevent the pulps from falling as they move at the upward sloppy direction. The sprinklers supply accelerated water, which impinges on the conveyor, for the washing of the plantain pulps.
Proper washing is ensured in this stage by incorporating two cam-shaped rollers between the two main rollers of the conveyor. The cam-shaped rollers will provide jerks on the pulps on the conveyor belt, thereby turning the pulps for proper washing of all the sides of the pulps as the sprinklers provide jet of water on the pulps being conveyed. The perforated portion of the conveyor belt drains water on the pulp. The slicing machine consists of a hopper, a shaft incorporated with slicers and an electric motor which rotates the slicer at a reasonable high speed. The slicing machine reduces the plantain pulps into smaller sizes in order to speed up drying rate in the drying chamber. The drying machine, which helps remove the moisture content of the sliced pulps to 10%, consists of a hopper, housing for the drying chamber, flat plates, heaters, blowers, chain drive mechanism and an electric motor. The flat plates receive sliced plantain pulps from the slicing machine and deliver them dried into the milling machine, where they are pulverized. The heaters supply the needed heat for the moisture removal while the blowers circulate the heat round the drying chamber in order to increase the rate of moisture removal. The pulverized plantain pulps are then sifted in the sieving machine for packaging.
Design consideration
The design of the process plant took the following into consideration:
(1) The variation in the plantain geometry.
(2) The sustenance of the original plantain flavour and colour.
(3) optimal processing time.
(4) Minimal Plantain wastage.
Selection of materials
Material selection is very crucial to the design of any machine or process plant, especially when it is to be used for food processing. Hence, it is of utmost importance to ensure that the components of the process plant have the desired performance requirements. Some components of the process plant will be in direct contact with the plantain pulps and must not corrode or react with the pulp. The material must be resistant to wear to prevent the plantain flour contamination with material chips and debris. To ensure high quality standard, materials with the appropriate engineering properties were carefully chosen for the design to cope with the varying degrees of stress, strain, torque and frictional loads. The following factors were considered in selecting the materials for the design (Table 2) , (Eugene & Avallone, 1999) .
(1) Physical and mechanical properties of the material (2) Reliability of the material 
Design analysis

Conveyor
The design of conveyor is shown in Figure 3 .
According to Ayodeji, Olabanji, and Adeyeri (2012) , the centre distance between the head and tail roller (which is the conveying length) is obtained from:
The length of the conveyor belt L CB was obtained from:
The number of Flights on the belt was obtained from: Therefore, a total of 20 flights will be attached to the conveyor belt.
The load stream volume Q v (which is defined as the conveying capacity of the conveyor) was obtained from
Where: A and v are the cross sectional area of the load stream and the belt speed, respectively.
The mass of load stream which the conveyor can move at a time is called the capacity of the conveyor and it was derived accordingly.
where ρ m is the density of the material conveyed.
The power required at the drive sprocket is the summation of the power for empty conveyor and load over the horizontal distance (P 1 ) and the power required for lift (P 2 ). n f = 5958.5 300 Where:
Where: C L is length factor of the belt; C B is width factor of the belt; and k f is working condition factor.
Where:
Slicing machine
The machine works on shear cutting principle. When the cutting blade impacts on the cylindrical surface of the raw plantain, the surface gets cut by shearing along a plane. The machine is made up of the cutting devices, a feeding mechanism through the conveyor, the support frame and an electric motor as a source of power. The cutting mechanism consists of the stainless steel blades, a connecting rod, and a guide frame for the blades. The blades are arranged perpendicularly to the slicing shaft. The base frame suspends and provides a firm support to the machine. Power is transmitted from electric motor to input shaft via coupling. The input shaft transmits power both to the cutting and feeding mechanisms.
The volume of the hopper of the slicing machine is obtained
Where: L b1 is length of the top shape of the hopper; L b2 is breadth of the top shape of the hopper; L c1 is length of the base shape of the hopper; L c2 is breadth of the base shape of the hopper; H p is vertical height of the pyramid; H c is vertical height of the cutaway pyramid.
Design for pulleys
Power is transmitted through a single electric motor to the slicing machine and the conveyor roller. The electric motor powers the slicing machine directly while the pulley aids the transmission of power from the electric motor shaft to the conveyor roller shaft through a flat belt.
The length of belt transmitting power between two pulleys of dissimilar diameters was derived from Equation (10). where: D 1 and D 2 are the diameters of the pulleys; x is centre distance between the two shafts; θ 1 and θ 2 are the angle of lap of the belts on the pulley.
Determination of the shearing force for the raw plantain
Considering the shear strength of the raw plantain and the area under shear, the impact force required to shear the raw plantain may be obtained from Equation (11):
Length of belt L =
where: F p is the Force required for shearing the raw plantain; A p is the Area under shear; τ p is the Shear stress of the raw plantain.
The area under shear can be determined from Equation (12): where: D p is Diameter of raw plantain.
The average force required to shear raw plantain of diameters ranging from 30 to 70 mm is 33.15 N (Obeng, 2004) . This force reduces as the plantain ripens and softens. The measured diameter of the raw plantain was in the range of 30-70 mm, averaging 50 mm. From Equation (12), we get Therefore the average Shear force required to slice a plantain is given as:
Determination of the power required by the cutter for slicing the raw plantain
Cutter velocity is another important parameter in the slicing process. The optimum value of cutter velocity required for slicing is 2.65 m/s (Prasad & Gupta, 1975) . The power required by the cutter to slice the raw plantain may be obtained from Equation (13): where: P c is the Power required by the cutter; V c is the linear velocity of the cutting blade which is 2.65 m/s. From Equation (13),
Determination of the power required by the electric motor
The power required by the electric motor may be obtained from Equation (14): where: P m is the Power of electric motor; P f is the Power factor which is 1.5.
From Equation (14), Selected capacity of electric motor is 1.11 KW (1.5 hp.)
Determination of the shaft diameter
The diameter of the slicing shaft was determined from Equation (15) ; K b is the combined shock and fatigue factor applied to bending moment; K t is the combined shock and fatigue factor applied to torsional moment; M b is the Bending moment (Nm); M t is the Torsional moment (Nm).
Dryer
The dryer is the compartment designed to remove moisture from the sliced pulps with the aid of heating elements (Kashaninejad, Mortazavi, Safekordi & Tabil, 2007) . It is powered by a DC 12 V, 0.07 A, 3.5 r.p.m. high-torque gear box electric motor and incorporated with two gears of the same diameter with velocity ratio 1:1. One gear is mounted on the main shaft of the electric motor, and the other gear is meshed with it and consists of shafts that transmit a low speed towards the dryer. These two shafts have on them sprockets at both the external and internal parts of the dryer, one sprocket on the external part of the shafts and two sprockets at the internal part of the shafts in the dryer. The mechanism of the sprockets is replicated at the upward part of the dryer.
The drying mechanism is by forced convention and conduction. The blower blows air into the drying chamber while the dryer tray conducts heat. The dryer has a carousel tray that accommodates the plantain pulps for proper drying as it rotates in the drying compartment. A temperature regulator or thermostat is also connected to the heating coil which is set to regulate the temperature in the chamber to a minimum of 60°C and a maximum of 70°C to prevent loss of nutrient and case hardening of the plantain pulps on the carousel trays. The reason for incorporating a blower is to achieve:
(1) Proper circulation of heat in the dryer compartment.
(2) Increase the rate of evaporation of moisture from the plantain pulps (Johnson, Brennan, & Addo-Yobo, 1998 ).
Determination of heat generation rate in the drying chamber
The heater has zinc coil with a rating of 1200 W, each heater is 4.8 m long with 0.5 cm diameter. Heat is generated uniformly in the coil. Assuming no loss in energy, a 1200-W heating coil will convert electrical energy into heat in the coil at a rating of 1200 W. Therefore, the rate of heat generation in the heating coil is equal to the power consumption of the coil heating element. Then the rate of heat generation in the coil per unit volume is determined by dividing the total rate of heat generated by the volume of the wire (Yunus, 2002) .
where: ġ is the rate of heat generated in dryer; G is the generated heat by the electric heating coil which is 1200 W V coil (volume of the heating coil) = L; D is the diameter of the heating coil which is 5 mm; L is the total length of the heating coil used which is 4.8 m.
Design for chains and sprockets
The chains are wrapped round the sprockets to transmit power such that the velocity ratio is 1, hence transmitting same speed at each shafts. This is because the sprockets used are of the same diameter and consist of the same number of teeth.
Determination of the average velocity and pitch of the chains
where: D is the Pitch circle diameter of the sprocket in metres which is 80 mm (0.08 m); N is the Speed of rotation of the sprocket in r.p.m. which is 3.5 r.p.m; T is the Number of teeth of the sprocket which is 31; p is the Pitch of the chain in metres.
∴ = 0.0081 m (Khurmi & Gupta, 2005) .
Determination of average time taken for each pulp to spend in the dryer
where: x is centre distance which is 500 mm (0.5 m) ; v is the average velocity of the chain which is 0.0147 m/s.
Hence, the average time spent by each pulp in the dryer; t = 0.5 m 0.0147 m/s = 34s (Khurmi & Gupta, 2005) .
Determination of the length of each chain
where: K is the number chain links; P is the Pitch of the chain in metres.
as the number of teeth in all sprockets are the same.
Determination of the number of trays on each chain connection
where: L is the Length of chain which is 1.26 m; l t is the Distance between each tray which is 50 mm (0.05 m).
Therefore, the total number of trays in the dryer is;
Design of spur gears
Two spur gears were used to transmit power from an electric motor to the twin rotating shafts that elevate the plates in the drying chamber.
Circular pitch:
where: D is the Diameter of the pitch circle; T is the Number of teeth on the wheel. ; D is the Pitch circle diameter in metres; N is the Speed in r.p.m; C S is the safety factor. (1.25; for steady continuous work).
The speed ratio of the gears will be 1, as they both have the same pitch circle diameter and the same number of teeth.
Design for milling machine
The Milling machine is a hammer mill. It has hammer-like projection mounted on a shaft. The hammer revolves at high speed and beats the pulps to fine particles. The machine can mill only the dry pulps. It is incorporated with a detachable sieving mechanism to sieve the milled plaintain pulp, consequently ensuring the fineness of plantain grain. The milling operation is powered with a one horsepower (1 h.p.) electric motor at the speed of 1,400 rev/min.
Determination of the hammer weight:
where m h is the total mass of all the beating hammer; g is the acceleration due to gravity taken as 9.81 m/s.
It can be seen that the action of the weight of hammer shaft on the main shaft is negligible.
Determination of the centrifugal force exerted by the hammer:
The angular velocity of the hammer:
Determination of the shaft diameter:
The diameter of the milling shaft was determined using the below empirical equation:
where d is the diameter of the shaft (m); S s is the Allowable shear stress N/m 2 ; K b is the combined shock and fatigue factor applied to bending moment; K t is the combined shock and fatigue factor applied to torsional moment; M b is the Bending moment (Nm); M t is the Torsional moment (Nm).
The Volume of the Hopper of the Milling Machine is obtained:
where: L b1 is the length of the top shape of the hopper; L b2 is the breadth of the top shape of the hopper; L c1 is the length of the base shape of the hopper; L c2 is the breadth of the base shape of the hopper; H p is the vertical height of the pyramid; H c is the vertical height of the cutaway pyramid.
(23)
F c = mv r
where: PFT is the per cent finer than, otherwise known as percentage of flour retained on a sieve; W S is the weight of flour retained on the sieve; W T is the total weight of flour taken.
The cumulative per cent of plantain retained is obtained from Equation (31): where: PFT L denotes the per cent on sieve size.
Another useful statistics in percentage analysis is percentage finer than the sieve under reference (PFTR). This is calculated as:
The grain-size distribution curves are widely used in particle shape analysis. The values of the shape parameters, Coefficient of Uniformity and Coefficient of Curvature are obtained as:
For well-graded flour, C.O.C must lie between 1 and 3.
Performance test
SolidWorks CAD software was used to perform a linear stress analysis on the plant frame structure. The stress analysis was performed using finite element method in the CAD software. This helped to determine the permissible load which the plant frame can withstand at normal working condition, and to check if the design can be modified to increase the factor of safety. Load of 1,730 N was evenly distributed on the plant frame. Figure 4 shows forces acting normally on the plant frame while Table 3 (1) The mass concentrated at the centre of gravity.
(2) The beam simplified as a line segment (same cross section) with accurate representation of the frame complex geometry.
Since the design geometry is complex, the accuracy requirement is a lot higher, SolidWorks software was used to:
(1) predict the performance and behaviour of the design, to calculate the safety margin and to identify the weakness of the design accurately;
(2) determine the permissible load which the plant frame can withstand; and (3) identify the optimal design with confidence. 
Discussions
The stress result is shown by default through the simulation stress analysis in Figure 5 . The red portions on the plant frame indicate where stresses are maximal, while the portions with blue colour show where the stresses are minimal. The highest stress 487,974 N/m 2 is below the material yield strength (1,000,000,000 N/m 2 ). The resultant displacement of the plant frame is indicated by Figure  6 . The maximum displacement of 0.0263424 mm was obtained when the tensile load of 1,730 N was applied on the plant frame. The red portions on the plant frame indicate where the displacement is high, while the portions with blue colour show where the displacement is low. 
